Dendrimers have emerged as promising carriers for the delivery of a wide variety of pay-loads including therapeutic drugs, imaging agents and nucleic acid materials into biological systems. The current work aimed to develop a novel mitochondria-targeted generation 5 poly(amidoamine) (PAMAM) dendrimer (G(5)-D). To achieve this goal, a known mitochondriotropic ligand triphenylphosphonium (TPP) was conjugated on the surface of the dendrimer. A fraction of the cationic surface charge of G(5)-D was neutralized by partial acetylation of the primary amine groups. Next, the mitochondria-targeted dendrimer was synthesized via the acid-amine-coupling conjugation reaction between the acid group of (3-carboxypropyl)triphenyl-phosphonium bromide and the primary amines of the acetylated dendrimer (G (5) 
Introduction
Dendrimers are hyperbranched, monodisperse, tree-like synthetic macromolecules with three distinct components that include a central core, repeated branches and a large number of functional groups on the surface [1] [2] [3] . Since their discovery, dendrimers have been studied extensively and hold promise as a nanocarrier for site-specific delivery of therapeutic and imaging agents due to their unique properties including multiple surface attachment sites, good biocompatibility, tunable size, spherical shape and monodispersity [4] [5] [6] [7] [8] . The ability to functionalize the surface groups with various moieties makes dendrimer a versatile pharmaceutical nanocarrier. PAMAM dendrimers have wide application as nonviral gene delivery vectors [9] [10] [11] [12] [13] . PAMAM with a high generation number (G > 5) have high cationic surface charge, which can spontaneously bind nucleic acids by electrostatic interaction [1, [14] [15] [16] [17] . The PAMAM-nucleic acid complexes with a net positive charge promote endosomal escape and allow efficient transfection [8, 17] .
Dendrimers have many applications in drug delivery to improve solubility, biocompatibility and pharmacokinetic properties of drugs [1] . They are advantageous due to their ability to encapsulate drugs in the core as well as chemically conjugate many molecules of drugs on the surface. The endless possibilities for chemical modifications also allow the incorporation of many other functionalities such as solubilizing groups including PEG, ligands for target cell recognition and imaging agents. Unlike self-assembled nanocarriers, which are energetically meta-stable depending on concentration, dendrimers maintain their structural integrity in biological systems [9] .
Targeting therapeutics to intracellular organelles of interest could be very effective in maximizing the drug effect and minimizing side effects [18] . However, intracellular delivery and subsequent targeting to specific cellular compartments is challenging, especially for macromolecular drug delivery systems, due to a cell membrane that prevents their spontaneous entrance and that nanoparticles are taken up primarily by energy-dependent endocytosis [18] . The cell association of nanoparticles can be enhanced with cationic lipids or surface conjugation with short cell-penetrating cationic lysine (Lys)-or arginine (Arg)-rich peptides such as TATp and Antp [18] . Endosome disruption allows delivery of nanoparticles or their cargo into the cytoplasm. The free tertiary amine groups in the PAMAM dendrimer promote an efficient endosomal escape as well [19] . In general, there is a definite possibility to satisfy the need for drug carriers targeted to specific intracellular compartments and organelles, rather than achieving just a cell-surface association or intracellular localization.
The possibility of targeting drugs/nanocarriers to the mitochondria to facilitate drug action has gained much attention recently. There has been increasing evidence that mitochondrial dysfunction contributes to a variety of human disorders including neurodegenerative and neuromuscular diseases, diabetes, obesity and cancer [20] [21] [22] [23] . Mitochondria play a pivotal role in the initiation of apoptosis [24, 25] . Mutation in mitochondrial DNA (mtDNA) appear to be responsible for the onset of many diseases [22, 26] . Therefore, attempts to correct defects in mitochondrial signal transduction pathways and/or mtDNA itself make mitochondria-targeted drug and gene therapy highly desirable.
Numerous investigators have attempted to deliver a therapeutic cargo to the mitochondria. Mitochondria have been targeted for the delivery of small molecules including antioxidants to decrease cardiac ischemia-reperfusion injury and Friedreich's ataxia [27] [28] [29] [30] . Mitochondria-targeted liposomes delivered potent anticancer drugs to the mitochondria resulting in an enhanced therapeutic effect [20, [31] [32] [33] [34] . Targeted delivery of DNA to the mitochondrial compartment has been achieved by mitochondriotropic cationic vesicles and by conjugating a mitochondrial targeting signal peptide to DNA [35, 36] .
Various strategies have been designed to impart a mitochondria-targeting ability. Triphenylphosphonium (TPP), a cation with sufficient lipophilicity and delocalized positive charge, promoted efficient in accumulation in the mitochondria by reducing the free energy change on movement from an aqueous to a hydrophobic environment in response to the mitochondrial membrane potential [32] . Conjugating a TPP group to various small molecules or even to a drug delivery system can facilitate their mitochondrial targeting [27, 28, 31, 34, [37] [38] [39] . A mitochondria-targeted G(4)-PAMAM dendrimer-based imaging agent was synthesized by conjugation of a small molecule ligand for translocator protein, which spans the mitochondrial membrane [40] .
The present study describes the design, synthesis, cell uptake, mitochondrial targeting and cytotoxicity of a TPP-conjugated, acetylated, fluorescently-labeled G(5)-PAMAM dendrimer. G(5)-D was acetylated to reduce the non-specific cellular interactions, which could lead to cytotoxicity. Fluorescein isothiocyanate (FITC) conjugation allowed visualization with fluorescence microscopy to assess its trafficking towards mitochondria.
Materials and methods

Materials
A PAMAM dendrimer, 5 wt % solution in methyl alcohol, acetic anhydride, N,N'-Disuccinimidyl carbonate (DSC), (3-Carboxypropyl)triphenyl-phosponium bromide (CTPB), N-(3-Dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDCI), Nhydroxysuccinimide (NHS), trans indole acrylic acid and triethylamine (TEA) were purchased from Sigma-Aldrich (St Louis, MO). NHS-Fluorescein was obtained from Pierce (Rockford, IL). Cellulose ester (CE) dialysis membrane tubing 10 kDa MWCO was purchased from Fisher Scientific (Fair Lawn, NJ).
The methanolic solution of G(5)-PAMAM dendrimer was aliquoted in pre-weighed vials, solvent evaporated and the thick viscous liquid was freezedried. The weight of the dendrimers was obtained from the weighed vials. Solid dendrimers were dissolved in a solvent appropriate for the reaction conditions. For cell studies, all dendrimers were dissolved in water at a concentration of 1 mM.
Cell culture
Human cervical carcinoma (HeLa), MCF-7 human breast cancer cells, 4T1 murine mammary carcinoma and mouse normal fibroblast cells (NIH-3T3) were purchased from the ATCC (Manassas, VA). HeLa cells were chosen for cellassociation and intracellular trafficking experiments (since cancer cells are expected to be the therapeutic target), while fibroblast and other cancer cells were used to determine the cytotoxicity. Dulbecco's modified Eagle's media (DMEM), fetal bovine serum (FBS), and penicillin-streptomycin solution were obtained from CellGro (Kansas City, MO). Mitotracker deep red FM and Hoechst 33342 were purchased from Molecular Probes, Inc. (Eugene, OR). Para formaldehyde was from Electron Microscopy Sciences (Hatfield, PA). Fluoromount-G was from Southern Biotech (Birmingham, AL). The CellTiter 96® AQueous One Solution Cell Proliferation Assay kit was purchased from Promega (Madison, Wl). The trypan blue solution was obtained from Hyclone (Logan, UT).
Both cell lines were grown in DMEM, supplemented with 10% FBS, 100 IU/mL of penicillin, streptomycin and 250 ng/mL amphotericin-B at 37 °C and 5% CO 2 .
Synthesis of FITC-labeled dendrimer FITC-G(5)-D
Into the solution of G(5)-D (200 mg) in phosphate buffered saline (PBS) at pH 8, was added NHS-fluorescein (3.3 mg) dissolved in dimethylformamide. The reaction mixture was stirred at room temperature for 2 h and dialyzed against water using a cellulose ester membrane (MWCO 10 kDa) overnight with two water changes. The dialysate was frozen in a pre-weighed vial, and lyophilized to obtain the solid product.
Synthesis of FITC-labeled acetylated dendrimer, FITC-G(5)-D-Ac
Into the solution of FITC-G(5)-D (50 mg) in 2 mL of methanol, TEA (20 µL) was added. Acetic anhydride (16.2 µL) dissolved in 50 µL of methanol was added drop-wise into the FITC-G(5)-D/TEA solution. The reaction mixture was stirred for 24 h. Methanol/TEA was evaporated and the crude reaction mixture was dialyzed against water using 10,000 MWCO cellulose ester membrane. The dialysate was frozen and lyophilized to obtain a solid product and stored as solid until further synthesis.
Synthesis of FFTC-labeled acetylated TPP-modified dendrimer FITC-G(5)-D-Ac-TPP
For the modification of dendrimers, CTPB was activated using N,N'-disuccinimidyl carbonate. Into the solution of CTPB (50 mg, 0.12 mMol) in chloroform, 1.1 mol equivalents of DSC (32.8 mg, 0.13 mMol), dissolved in 500 µL of chloroform was added at 0 °C. The reaction mixture was stirred at room temperature overnight. The chloroform was evaporated, and the system was freeze dried. The reaction mixture was dissolved in DMF at a concentration of 50 mg/mL, stored at −20 °C and used in the next reaction without additional purification. FITC-G(5)-D-Ac (20 mg, 0.65 µMol) was dissolved in PBS, pH 8, and a 5 mol equivalent excess of the NHS-activated CTPB (1.63 mg) solution in DMF was added. The reaction mixture was stirred at room temperature for 4 h and dialyzed against water using cellulose ester membrane (MWCO 10 kDa). The dialysate was frozen, lyophilized to obtain a solid, fluffy powder, which was dissolved in water at a concentration of 1 mM and stored at −80 °C (G)-5-Ac and G(5)-D-Ac-TPP were also synthesized following the above procedure for cytotoxicity studies.
For characterization, 1 H nuclear magnetic resonance (NMR) spectroscopy was performed using Varian 400 MHz spectroscope. The dendrimers were dissolved in d-DMSO, and a 5-10 mg/mL solution was used. Matrix-assisted laser desorption ionization time of flight (MALDI-TOF) mass spectrometry was performed using a Voyager-DE STR mass spectrometer. Trans indole acrylic acid was used as a matrix at 10 mg/mL in DMSO. The plate was spotted with 1 µL of a 10:1 solution of matrix and dendrimers. The cell pellet was suspended in cold PBS, pH 7.4 before analysis using a BD FACS Caliber flow cytometer. The cells were gated using forward (FSC-H)-versus side-scatter (SSC-H) to exclude debris and dead cells before analysis of 10,000 cell counts. The representative histogram and the statistics to obtain the geometric mean of fluorescence for each cell sample were performed using BD Cell Quest Pro Software.
Cell-association of dendrimers estimated by FACS analysis
Intracellular uptake by confocal laser scanning microscopy
The following method was used for experiments involving the visualization of cells under the confocal microscope. After the initial passage in tissue culture flasks, HeLa cells were grown on cover slips placed in 6-well tissue culture plates in complete media. After the cells reached the 60-70% confluence, the medium was removed. The cells were incubated with FITC-labeled dendrimer solutions (1 µM) for 4 h in serum-free media. After the incubation, the cells were washed with PBS and the cover slips mounted cell-side down on glass slides with fluorescence-free glycerol-based mounting medium (Fluoromount-G) and viewed with a Zeiss Confocal Laser Scanning Microscope (Zeiss LSM 700) equipped with FITC filter for in vitro imaging. The FITC-filter (ex. 450-505 nm, em. 515-545 nm) was used for the visualization of dendrimer-dosed cells. z-Stacked images (z 1-15, slice thickness. 0.75 µm) were obtained by capturing serial images of the xy planes by varying the focal length of the same to image consecutive z-axis. The LSM picture files were analyzed using Image J software.
Mitochondrial localization
Localization in mitochondria was visualized by confocal laser scanning microscopy. HeLa cells were grown on cover slips placed in 6-well tissue culture plates until they reached 60-70% confluency. The cells were then incubated with FITC-labeled dendrimers (1 µM) for 4 h in the serum-free media. Mitotracker deep red (100 nM) for 30 min and Hoechst 33342 (5 µg/mL) for 5 min were added prior to washing the cells thoroughly to remove dendrimer, Mitotracker and DNA stain all together. The cells were fixed with 4% p-formaldehyde for 15 min. The cover slips were mounted cell-side-down on glass slides with fluoromount G media and visualized with a confocal laser scanning microscopy with DAPI (ex. 385 nm, em. 470 nm), FITC (ex. 505 nm, em. 530 nm) and Mitotracker deep red (ex. 644 nm, em. 665 nm) filter sets. Fluorescent micrographs of red, green and blue channels were overlaid so that the co-localization of the green fluorescence of dendrimers with the deep red fluorescence of stained mitochondria was rendered as yellow.
Cytotoxicity
Cytotoxicity of the dendrimers and modified dendrimers were determined with a CellTiter 96® AQueous One Solution Cell Proliferation Assay kit following the manufacturer's protocol. Briefly, all the cells for cytotoxicity experiment were seeded in 96-well tissue culture plates at 5 × 10 3 /well. The next day, the cells were incubated with G (5) 
Statistical analysis
All numerical in vitro data are expressed as mean ± SD, n = 3. The data were analyzed for statistical significance using the paired Student's T-test using GraphPad prism 5 (GraphPad Software, Inc.; San Diego, CA). Any p value less than 0.05 was considered statistically significant.
Results
Synthesis, purification and characterization of modified dendrimers
The TPP groups were successfully introduced on the dendrimer surface by activated acidamine coupling reaction following Scheme From the MS spectra (Fig. 1) , the average molecular weight of G (5) 
Dendrimer association with cells by FACS analysis
Flow cytometry analysis was performed to quantify the association of FITC-labeled dendrimers with cells at 1 h and 4 h time points (Fig. 2) . The FITC-G (5) 
Cellular uptake
Cellular internalization of dendrimers was confirmed and registered by visualization of treated cells as z-stacks of images (images of planes at various focal lengths within the same sample) under confocal laser scanning microscopy (Fig. 3) . The z-2-4 and z-10-12 image planes indicated the exterior of the cells. The strong green signal of FITC-G(5)-D-Ac-TPP in the middle slices (z-6 and z-8) indicated the successful internalization, whereas the acetylated precursor dendrimer was moderately internalized and the FITC-G(5)-D was poorly internalized after the 4 h incubation. The cell membrane association of the FITC-G(5)-D and FITC-G(5)-D-Ac was much higher than that for FITC-G(5)-D-Ac-TPP, which gave rise to a strong green background signal in exterior z-slices.
Mitochondrial localization
To investigate whether FITC-G(5)-D-Ac-TPP was targeting mitochondria, a co-incubation experiment was performed where HeLa cells were treated with FITC-labeled dendrimers, followed by treatment of the cells with Mitotracker deep red and DNA stain Hoechst 33342. Fig. 5 where z-stacks of images from red and green fluorescent channels were taken and merged to visualize the colocalization indicated by yellow signal. Higher association between red and green signal (yellow) was evident in the middle slices compared to the exterior slices indicating a true localization of FITC-G(5)-D-Ac-TPP in the mitochondria.
Cytotoxicity
To explore whether the surface modification imparted for mitochondrial targeting has any effect on the cytotoxicity, a dosedependent cell viability experiment with all three dendrimers was performed in normal mouse fibroblast cell line (NIH-3T3) at 24 and 48 h incubation periods (Fig. 6) . Cytotoxicity of the dendrimers was also determined in other cancer cells including HeLa, MCF-7 and 4T1 ( Figure S.1) . The results demonstrated that the modified dendrimers were significantly less toxic than the starting material G (5) 
Discussion
Organelle-specific targeting of bio-active molecules is a promising concept to achieve a maximum therapeutic effect and minimum side-effects [18] . Bioactive molecules, if directed specifically towards organelles of interest, such as nucleic acids to the nucleus, proapoptotic compounds to the mitochondria or lysosomal drugs or enzymes to the lysosomes, could enhance their therapeutic effect many-fold compared to the random interactions with the desired site of action [25, [41] [42] [43] [44] . However, directing intracellular trafficking of bioactives to organelles of interest represents a major challenge for drug delivery. To achieve intracellular targeting, one option has been to modify the drug molecule with organellespecific ligands. However, this can result in a compromised drug effect. Another option is to modify a nanocarrier to target it to a specific organelle of interest. Mitochondria-targeted DDS have received much attention recently [25, 31, 35, 37, 45] . This effort, with emphasis on mitochondrial research, has enabled investigators to identify various small molecules, such as lipophilic cations that target mitochondria [29] . In this regard, the triphenylphosphonium (TPP) cation has been shown to be a potent mitochondriotropic due to its high lipophilicity and stable cationic charge [45] . In another attempt at mitochondrial targeting, peripheral benzodiazepine receptors located in the outer mitochondrial membrane are being explored as a promising mitochondrial drug target for the delivery of anticancer drugs and diagnostic imaging agents to the mitochondria [40, 46] .
In our attempt to develop a dendrimers as mitochondrial targeted nanocarriers, we conjugated TPP group on their surface. Partial acetylation of the G(5)-D neutralized a fraction of the positive charge on the surface of imparted lipophilicity to the dendrimer. Neutralization of the surface charge of the dendrimer prevented the non-specific interaction and binding of the molecule with cell organelles. Partial acetylation resulted in improved solubility of the acetylated molecules in organic solvents. The solubility is a concern for the conjugation reactions since dendrimers such as G(5)-PAMAM are sparingly soluble in DMF, DMSO and completely insoluble in other organic solvents such as CHCI 3 . A fraction of the surface amino groups were left un-acetylated for the conjugation of the mitochondriatargeted function TPP. The chemistry following the Scheme 1 allowed the association of two TPP groups on the surface of a single dendrimer using a 5-fold molar excess of CTPB-NHS. MALDI-TOF spectral analysis was confirmatory for the structure of the parent dendrimer and conjugation of small molecules on the surface. A lower than reported molecular weight of the commercially available dendrimer was obtained from the MALDI-TOF spectral analysis. This probably was due to the incomplete reaction in one arm of the dendrimer. Missing a few arms is common in higher generations of dendrimers (G-3, G-4, G-5) and leads to lower molecular weights. Therefore, precise characterization of dendrimers is important for design of the reaction sequence and determining the stoichiometry of other chemicals to be used for the reactions in engineering an efficient nano-device. In this study, we attached functional groups to utilize the reaction capabilities of primary terminal amino groups.
After surface modification of dendrimers, the conjugates were tested in cellular internalization and intracellular trafficking experiments. The flow cytometry data suggest that the surface functionalization has an effect on cell association of dendrimers. The parent dendrimer was highly cationic, resulting in higher association with the anionic cell membrane and its surface proteins. However, the partial surface-charge-neutralization decreased the non-specific interaction with the cell surface and resulted in less association with the cells. Higher uptake of FITC-labeled G(5)-D-Ac-TPP than G(5)-D-Ac was likely to be due to properties imparted by the attachment of the positively charged lipophilic cation, TPP.
Fluorescently labeled dendrimer-dosed cells were visualized with confocal microscopy for assessment of the internalization and mitochondrial localization of the dendrimers. G(5)-DAc-TPP demonstrated efficient internalization and a mitochondrial targeting ability. Zstacked images (pseudoconfocal) allowed regions of the cells to be viewed along the z-axis and confirmed the mitochondrial localization of dendrimers. This technique provided a clear picture of the intracellular environment as the stack of images was acquired since the imaging software controls the precise movement of the motorized focus drive during image acquisition. These results also indicate that the modification of the dendrimer surface with the lipophilic cation TPP significantly enhances intracellular uptake.
Mitochondrial research has established that a compound with sufficient lipophilicity combined with delocalized positive charge will accumulate in the mitochondria [29, 47] . The common physicochemical factors underlying selective accumulation of ligands to mitochondria are electric potential, ion trapping, complex formation with cardiolipin, nonspecific membrane partitioning and targeting of receptors uniquely that are either expressed or over-expressed in mitochondrial membranes in normal or diseased conditions. The cation TPP has lipophilicity due to the presence of three phenyl groups and a stable delocalized positive charge on the phosphorous that provides many resonance structures due to the movement of electrons in the aromatic region. The TPP has a strong mitochondria-targeting ability, which relies on the mitochondrial membrane potential, and a lipophilic nature suitable for membrane partitioning [29] . The confocal microscopy results provided strong evidence that TPP-modified dendrimers reach mitochondria. This set of experiments was performed with special attention given to cancer cells since they are likely to be the therapeutic target.
Ideally, any delivery system for biomedical application should be non-toxic for non-target cells. The newly developed dendrimer, G(5)-D-Ac-TPP, were relatively non-toxic to the non-target fibroblast cells, when compared with the parent unmodified dendrimer. Neutralization of surface charge in dendrimer is necessary to reduce non-specific interactions which leads to cytotoxicity [48] [49] [50] [51] . However, a balance between tertiary amines formed after ligand-conjugation and unconjugated primary amines in dendrimer is necessary for efficient cellular internalization and endosomal escape. Many possibilities using conjugation chemistry should allow modified dendrimers to be designed for therapeutic needs.
Conclusions
A mitochondria-targeted, relatively non-toxic pharmaceutical nanocarrier, G(5)-D-Ac-TPP, was developed. Conjugation of a mitochondriotropic TPP group with the surface of this dendrimer imparted a mitochondria-targeting property, whereas the acetylation partially neutralizes the positive charge on the surface of the dendrimer. Mitochondria are emerging as a promising pharmacological target for anticancer, anti-obesity, anti-oxidant and gene therapy, since numerous metabolic pathways are directly or indirectly associated with mitochondrial function. This non-toxic mitochondria-targeted nanocarrier represents an effective vehicle for efficient delivery of a therapeutic cargo with loading of bioactive agents in the dendrimer core by an electrostatic interaction or by surface conjugation. This dendrimer-based carrier, G(5)-D-Ac-TPP, efficiently targets mitochondria and decreases the non-target toxicity typically associated with dendrimers. Further investigations are in progress to demonstrate that mitochondria-targeted dendrimers can carry and successfully deliver a therapeutic payload to the mitochondria.
Supplementary Material
Refer to Web version on PubMed Central for supplementary material. Mitochondrial localization of FITC-Labeled dendrimers in HeLa cells by confocal laser scanning microscopy. Cells were treated with Hoechst 33342 for nuclei and Mitotracker deep red for mitochondrial staining and viewed in the blue channel for Hoechst (ex. 385 nm, em. 470 nm), the green channel for FITC (ex. 505 nm, em. 530 nm) and the red channel for Mitotracker deep red (ex. 640 nm, em. 662 nm). Yellow spots in the merged images arising from the co-localization of deep red and green signal indicate mitochondrial localization of dendrimers. The mitochondrial localization of FITC-G(5)-D-Ac-TPP assessed by co-localized fluorescence signal from stained mitochondria and dendrimer visualized with confocal laser scanning microscope of z-stacked images. Mitochondria were stained with Mitotracker deep red and dendrimers were labeled with FITC. The yellow spots indicate co-localization of green and red signals. Serial images of the xy planes (z-slice) (z-2 to z-12 out of 15 slices) of the same cells were taken along the z-axis at slice thicknesses of 0.75 µm to assess the intracellular trafficking of dendrimers to mitochondria. Synthesis of TPP-conjugated, fluorescently-labeled, acetylated G(5)-PAMAM dendrimer.
